Abstract Non-biodegradable polyethylene terephthalate (PET) bottles have attracted increasing attention due to environmental concern in today's world. In order to reduce the amount of solid wastes generated and the dependency on fossil resources, a new approach has been conducted to prepare Kevlar-49 from PET waste bottles. Terephthalic acid, the main raw material used for preparation of Kevlar, was regenerated from PET waste bottles via subjection to a saponification process, whereas p-phenylenediamine was prepared from PET waste bottles via the Hoffmann rearrangement method. Kevlar was synthesized from the reaction of terephthalic acid and p-phenylenediamine by polycondensation reaction. The structures of terephthalic acid, p-phenylenediamine and Kevlar were characterized by FT-IR, 1 H NMR, 13 C NMR, and elemental analysis (CHN). In this study, thermogravimetric analysis and differential scanning calorimetry, X-ray diffraction (XRD), as well as the mechanical properties (tensile strength, modulus, and percentage elongation at break) of the synthesized Kevlar-49, were compared with commercial Kevlar-49, prepared from the same raw materials, for better understanding of their properties.
rings [1] . The structure of Kevlar ( Fig. 1) features an extensive inter-chain hydrogen bonding leading to molecular sheets that are radially arranged along the axis, imparting high tensile strength, modulus, toughness, and high thermal stability to the polymer [2, 3] . Due to its desirable properties, Kevlar is found in various applications, ranging from tires, brakes, clutch linings, and other car parts, racing sails bullet-proof vests and body armor, and in the aerospace and aircraft industries. It is also used as a woven material, which is suitable for mooring lines and other underwater applications.
In recent years, many studies based on Kevlar have been carried out, ranging from rgw combination of Kevlar and metal, which can be applied to manufacturing batteries [4] , to composites which have attracted a great deal of attention in medical fields, for example, orthopaedic products [5] [6] [7] , dentistry [8, 9] , etc. Ian et al. [10] reported that polymers reinforced with Kevlar-coated carbon nanotubes have attracted a great deal of attention by enhancing the mechanical properties of the polymers, and they found that the polymers are typically more ductile, but not stiff, and strong enough to be used in load-bearing applications [11] . But to our knowledge, all the research carried out in the preparation and modification of Kevlar has involved raw materials that are commercially available and are based on petrochemical resources. The large share of scarce fossil resources [12] and an increased concern for environmentally friendly products has triggered the attempt to turn solid wastes, such as polyethylene terephthalate (PET) waste bottles, into new raw materials which can be used to synthesize Kevlar.
As is known, PET is a thermoplastic polyester that is formed by a reaction between terephthalic acid and ethylene glycol [13] . Due to its high mechanical strength, low weight, low permeability to gases (important application for soft drink bottles), relatively low manufacturing cost, and non-toxicity causes the total amount of solid wastes in the world to grow [14, 15] . Currently, the high demand for the regeneration of PET waste bottles to a new source of raw materials will lead to a reduction in the amount of the wastes as well as to minimizing the dependency on petrochemical resources.
In the present study, we are very interested in employing PET waste bottles by regenerating terephthalic acid and p-phenylenediamine as the main precursors in Fig. 1 The structure made by a radial stacking of hydrogen-bonded sheets in Kevlar order to produce Kevlar-49. Furthermore, we are the first to utilize these precursors to obtain Kevlar-49. In addition, the mechanical and thermal properties of synthesized Kevlar were compared with commercial Kevlar-49 for a better understanding of the differences between them.
Experimental

Materials
PET bottles of Spritzer mineral water were shredded into 2.5 cm 9 2.5 cm flakes. Chemicals such as sulfuric acid (H 2 SO 4 ), sodium hydroxide (NaOH), and calcium hydroxide Ca(OH) 2 were purchased from Brightchem, while solvents such as ethylene glycol, N-methyl pyrolodine, and chloroform were purchased from Aldrich, and used without further purification. Ammonia was purchased from Aldrich, and distilled before use.
Instrumentations
The FT-IR spectrum for Kevlar-49 was recorded on a Perkin-Elmer 2000 FT-IR spectrophotometer by the KBr pellet method.
1 H NMR and 13 C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer, dimethyl sulfoxide (DMSO-d 6 ) was used as a solvent, and tetramethylsilane (TMS) served as internal standard.
A Panalytical X 0 Pert Pro MPD diffractometer with Ka Cu radiation was used for X-ray diffraction (XRD) measurements. The scattering angle is 10-80°2h in 0.05°s teps of 2 s per step. The sintered rutile (TiO 2 ) cylinder (13 mm diameter and 13 mm height) samples were used as a standard for the calibration of instrumental line widths of both neutron and X-ray diffractometers.
Differential scanning calorimetric (DSC) analyses were performed on a PerkinElmer DSC7 series in nitrogen atmosphere, and a heating rate of 10°C min -1 was applied. Thermogravimetric analyses (TGA) were performed on a Perkin-Elmer TGA Pyris1 series, and the measurements were performed in nitrogen atmosphere with a heating rate of 10°C min -1 . CHN microanalyses were performed using a Perkin Elmer 2400 Series II Combustion Analyzer. The tensile strength, modulus, and elongation at break of Kevlar were measured by using a tensile testing machine of Instron Universal Testing Machine Model 1114 according to ASTM D 412 [16] .
Preparation of terephthalic acid [17] The ratio for PET flakes to NaOH pellets to ethylene glycol was 1:2:1.5, respectively. NaOH pellets were first dissolved in ethylene glycol with heat from 60 to 100°C. PET flakes were then added to the mixture when the NaOH pellets were partially dissolved. The mixture was well mixed and heated at 190-200°C in a stainless steel container and the temperature was maintained for around 20 min until the mixture turned milky. The mixture was subsequently stirred continuously and, after 20 min, the mixture was cooled to room temperature. Distilled water was added to further dissolve all white precipitates. It was then stirred and filtered through a coffee-filter (mesh width of 0.112 mm). When the mixture turned clear yellow, a few drops of 5 M H 2 SO 4 were added to this solution until pH = 2, and the white powder that appeared was filtered by using a Buchner funnel (under suction) from which ethylene glycol was obtained as filtrate. The white precipitate (terephthalic acid) was collected and washed several times with water and finally dried in a vacuum oven for 24 h at 60°C. Yield was 89.32 %. m.p. 287°C. Elemental analysis (%) calculated for C 8 
Preparation of P-phenylenediamine
Three steps were achieved to prepare p-phenylenediamine via the Hoffmann rearrangement method.
Preparation of terephthalamide (ammonolysis of PET)
An amount of 100 g of PET in 1 L and 150 g of ethylene glycol were added at 120°C. Ammonia anhydrous was introduced into the vessel until the pressure was 125 psi. The mixture was stirred for 7 h at 120°C while maintaining the pressure. The insoluble terephthalamide was filtrated from the ethylene glycol and was washed with 50 mL of deionized water and the resulting powder was dried at 80°C for 3 h.
Preparation of N,N'-dichloro-terephthalamide
Into a suspension of 5 g (0.0305 mol) of terephthalamide in 200 mL of a 10 % aqueous sulfuric acid, under stirring at normal pressure and a temperature of 25°C over a 2-h period, the chlorine gas was introduced at a rate of about 0.1 g per min and N,N'-dichloroterephthalamide was filtrated off, washed with water, and then dried in a vacuum oven for 6 h.
Preparation of p-phenylenediamine
An amount of 50 g (0.215 mol) of N,N 0 -dichloroterephthalamide with 50 g (0.67 mol) of calcium hydroxide Ca(OH) 2 were added to 1 L of water at a cooling temperature of 5°C. The mixture was heated at 50°C for 30 min and then the temperature was raised and maintained for a further 30 min at 70°C. The p-phenylenediamine was isolated (extracted) with chloroform and, after drawing off from the chloroform, the resulting p-phenylenediamine was washed three times with 100 mL of hot water each time and the yield was 87.7 %. m.p. 143-145°C. Elemental analysis (%) calculated for C 6 
Preparation of Kevlar
Kevlar-49 was synthesized according to the published procedure [18] . First, the terephthalic acid was converted to terephthaloyl chloride using a common procedure [19] and then reacted with p-phenylenediamine to produce Kevlar. Briefly, p-phenylenediamine 10.8 g (0.1 mol) was dissolved in NMP (40 mL, containing 2.1 g of LiC1) and cooled to 0°C. A solution of 20.2 g (0.1 mol) terephthaloyl chloride in 50 mL NMP was added in portions with stirring, and the cooling was continued for 6 h. Then, the reaction mixture was stirred at ca. 20°C for 48 h and then diluted with NMP containing 5 wt% LiCl. The diluted solution was poured into water, and the precipitated polyamide was washed with water and methanol and dried at 90°C (15 mbar) and 220°C (15 mbar 
Results and discussion
Structural elucidation of terephthalic acid, p-phenylenediamine and Kevlar By utilizing PET waste bottles as the main precursor in synthesizing the raw materials to produce Kevlar-49, the process of regenerated terephthalic acid was as shown in Scheme 1. To confirm the structures of all the compounds being synthesized, preliminary FT-IR and 1 H NMR spectra were conducted. In the first step of the reaction, terephthalic acid was prepared by a saponification process from PET waste bottles. The FT-IR spectrum of terephthalic acid showed the presence of a C=O band at 1,685 cm -1 , whereas -C=C-stretching of the aromatic ring was significantly shown at 1,574 and 1,510 cm -1
. The asymmetrical stretching of -OH group appeared at 3,064 cm -1 , while the symmetrical stretching band appeared at 2,551 cm -1 . The absorption bands at 1,424 and 937 cm -1 were attributed to the C-O stretching and C-O-H deformation, respectively. To confirm the structure suggested by FT-IR, the 1 H NMR spectrum of terephthalic acid was performed and Fig. 2 shows a broad peak at 13.3 ppm, corresponding to the proton of the hydroxyl group, and a strong singlet peak at 8.1 ppm was assigned to the protons of aromatic
Scheme 1 Preparation of terephthalic acid via a saponification process
A new approach to obtain Kevlar-49 3037 ring [17] . Further confirmation was carried out by 13 C NMR (Fig. 2) , and the spectrum showed peaks at 171.54 and 135.38 ppm which were assigned to the carbons of the carbonyl groups (-C=O-) and (-C-C=O), respectively. Another peak at 131.45 ppm was attributed to the carbons of the aromatic ring. The result of the CHN elemental analysis of terephtahlic acid is in good agreement with the empirical formula. Also, p-phenlyenediamine was regenerated from PET waste bottles via the Hoffmann rearrangement method, and the reaction route is shown in Scheme 2. The FT-IR spectrum of p-phenylenediamine showed two absorption bands at 3,301 and 3,408 cm -1 which were assigned to the amine groups (-NH 2 ). An absorption band at 1,516 cm -1 indicated that the aromatic ring (C=C) was also present. 1 H NMR and 13 C NMR spectra are presented in Fig. 3 , and the NMR proton showed two singlet peaks appeared at 6.39 and 4.20 ppm which were attributed to the protons of the phenyl ring and the protons of the -NH 2 , respectively. In 13 C NMR, the peaks ranged from 115 to 117 ppm, which indicated the appearance of the carbons in the aromatic ring, while the existence of carbons of R-CH 2 -N was centered at 140 ppm. The result of the CHN elemental analysis of p-phenylenediamine is in good agreement with the empirical formula.
The identity and purity of Kevlar-49 were carried out by FT-IR, 1 H NMR, and 13 C NMR spectroscopy and the reaction route is illustrated in Scheme 3. The FT-IR spectrum of Kevlar-49 (Fig. 4) showed two absorption bands at 3,320 and 1,646 cm -l , indicating the presence of -NH and C=O stretching vibrations in the amide groups, respectively. This confirms the formation of amide groups in the main , while the peaks at 1,608 and 1,515 cm -l were attributed to C=C stretching vibrations of aromatic rings. Furthermore, 1 H NMR spectrum was conducted and showed the NH group centered at 8.78 ppm, whereas the aromatic protons appeared at 7.73-7.89 ppm. The chemical structure of synthesized Kevlar-49 was also confirmed by 13 C NMR (Fig. 5) , which was similar to the commercial Kevlar-49, poly (p-phenylene terephthalamide). The peaks appeared at 173.31 ppm, indicating the carbon of C=O; 137.98 ppm indicating the carbon of C-N; 133.56 ppm indicating the carbon of C=C; and 120-130 ppm showing the appearance of carbon in aromatic rings. Also, the result of the CHN elemental analysis of Kevlar is in good agreement with the empirical formula.
Properties of Kevlar-49
XRD and solubility of Kevlar-49
Wide-angle XRD was obtained to further confirm the structural regularity of Kevlar-49. Figure 6 shows the synthesized Kevlar-49 exhibited two sharp diffraction peaks at 2h = 20.7 and 22.8, respectively. The sharp and narrow peaks indicated the high crystalline nature of Kevlar. It can be pointed out that the value of 2h (°) was closely related to the arrangement of polymer chains in the crystal, which is essentially layer-like [20] . The distance between adjacent layers, which interact primarily by van der Waals forces and to some extent by p-electron overlap, was assigned by the value of 2h(°) = 22.8 [21] , whereas the value of 2h(°) = 20.7 was related to the distance between adjacent polymer chains along the crystallographic planes, which were distinguished by a prominent concentration of non-bonded, intermolecular interactions [22] . The solubility of Kevlar-49 was examined in various solvents which revealed that Kevlar-49 was insoluble in any common solvent, such as water, DMF, m-cresol, HFIP, THF, toluene, DMSO, and NMP.
Thermal properties
Differential scanning calorimetry (DSC) was carried out to determine melting point (T m ), glass transition temperature (T g ), and the crystallinity of bpth the synthesized and the commercial Kevlar-49, and the results are summarized in Table 1 . The DSC was performed on 5 mg of Kevlar-49 and, to study thermal behavior,the temperature started at 30°C and ended at 600°C, under a constant heating rate of 10°C min -1 . From the DSC curves, at a temperature of approximately 500°C, a clear decomposition was noticed, most likely due to the degradation of the polymer into compounds such as benzonitrile, benzene, or hydrogen cyanide [23] , whereas, the glass transition temperature was about 449°C and the sample changed from glassy to rubbery state [24] . TGA thermograph was used to study thermal stability of the synthesized Kevlar-49 as well as for the commercial one. TGA of the both Kevlars was conducted under nitrogen at a heating rate of 10°C min -1 . From Fig. 7 , the TGA curves indicate that the first degradation of the synthesized Kevlar-49 occurred at nearly 460°C, which was about a 4 % loss of weight. Above 500°C, the weight loss becomes significant and there were no noticeable framework changes take place until 589°C. This is possibly due to the progressive decomposition of amide groups C=O and C-N bond cleavage. The synthesized Kevlar-49 appears to be thermally stable up to this temperature until the final degradation, which occurred at 657°C, and which is attributed to the aromatic rings [25] . As a result, nearly 21 % of the residue was left at 800°C. As we can observe from the graphs, the thermograph of the synthesized Kevlar-49 is similar to the commercial one; thus, we can conclude that synthesized Kevlar by using terephthalic acid and p-phenylenediamine from PET waste bottles possesses outstanding thermal stability.
Mechanical properties
The highly drawn aromatic molecular structure of the Kevlar-49 clearly showed in its exceptionally high-strength and modulus properties. The mechanical tests were carried out to compare the mechanical characteristics between commercial Kevlar-49 and synthesized Kevlar-49 by using PET waste bottles. The results of tensile strength and modulus and elongation strain at rupture (% elongation) of Kevlar-49 were summarized in Table 2 . The results showed remarkable mechanical properties of the synthesized Kevlar-49. The secondary amines -NH and carbonyl groups -CO in the main chain of Kevlar-49 leads to the hydrogen bonding, which provides the distinctive thermal and mechanical properties of the material and accounts for its usefulness in a wide range of applications [26] . The percentage of elongation at break in the tensile strength test was 2.5 and 2.4 % for commercial Kevlar-49 and synthesized Kevlar-49, respectively. Both materials broke at the load of approximately 30 g and this demonstrated that the synthesized Kevlar-49 possesses similar properties when compared to the commercial Kevlar-49. There is no significant difference in mechanical properties between the two Kevlars tested. Thus, the new A new approach to obtain Kevlar-49 3043 approach in synthesizing Kevlar-49 using PET waste bottles to produce a material with remarkable mechanical properties has succeeded.
Conclusion
For the first time, Kevlar-49 was successfully obtained from PET waste bottles. The synthesized Kevlar-49 exhibited high-performance properties in terms of tensile strength, modulus, and thermal stability, which are similar to commercial Kevlar-49. The presence of rigid aromatic rings and amide groups in the main chain of Kevlar-49 were examined by spectroscopy, and these proved that terephthalic acid and p-phenylenediamine were successfully regenerated from PET waste bottles. Therefore, the new approach to produce Kevlar-49 can be used in industries as well as in laboratories.
